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Pb films embedded with homogeneously distributed cobalt (Co) nanoparticles (mean size 4.5 nm) 
have been prepared. Previous transport investigations have shown that Co particles induce spon- 
taneous vortices below the superconducting transition temperature (T c ) in zero external magnetic 
field. In this paper we study in detail the influence of the Co volume franction and an external mag- 
netic field on the superconducting transition in such composites. The large difference in T c -reduction 
between the as-prepared and annealed samples can be attributed to the different superconducting 
coherence lengths and the resulting different diameters of the spontaneous vortices in these samples. 
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INTRODUCTION 



II. SAMPLE PREPARATION 



Composite materials with a nanometer scale structure, 
so-called nanocomposites, are an actual research field in 
solid state physics. In this way a hybrid of two differ- 
ent materials with conflicting properties can be artifi- 
cially fabricated, which usually does not exist in nature. 
An example for such nanocomposites are systems made 
from superconducting (SC) and ferromagnetic (FM) ma- 
terials. In such systems the interplay between the mu- 
tual exclusive cooperative phenomena SC and FM can 
be studied and many papers have been published on 
this topioi^^&i. It was found that due to the in- 
teraction between SC and FM, the external magnetic 
field can increase the critical parameters of the super- 
conductor. Other interesting phenomena, such as do- 
main wall superconductivity^, hysteresis pinning^, etc, 
were also found in such kind of nanocomposites. There 
are mainly three types of SC/FM nanocomposites: SC 
and FM multilayers^, FM decorations on tope of SC 
films and SC/FM granular systems. The first system is 
usually used to study the proximity effect in the SC/FM 
layers. The second one is usually used to study the for- 
mation of vortices and antivortices induced by the FM 
decorations, which can have the effect of critical parame- 
ter enhancemen t 1 1 1 1 2 . In the last ones, namely, the gran- 
ular hybrid systems the collective interactions between 
SC and FM has been studied. The above mentioned hys- 
teresis pinning, for example, has been discovered in such 
a system^. Very recently we reported about a SC/FM hy- 
brid system containing single domain Co particles inside 
a SC Pb matrb*i£. The magnetic moments of the FM Co 
particles induce spontaneous vortices inside the SC ma- 
trix. The random network of such a spontaneous vortex 
phase has been studied without and with applied exter- 
nal magnetic field. In this paper we will report on the 
effect of external magnetic field on the superconducting 
transition temperature of such Pb/Co nanocomposites. 



The Pb/Co films were prepared by co-deposition of 
well-defined Co clusters and Pb atoms onto the sapphire 
substrate mounted onto the coldfinger of a rotatable, 
variable-temperature 4 He cryostat. Sapphire was used 
as a substrate in order to have a good thermal contact 
between the sample and the coldfinger and having also 
an insulator which will not give any contribution to the 
transport measurements made on the film. Ag contacts 
for transport measurements have been deposited on the 
substrate by sputtering and were connected to the mea- 
surement system before closing the main chamber. The 
Co clusters were made in-beam by the so-called inert-gas- 
aggregation method with an Ar pressure of about 10 _1 
mbar. A He-cryopump sitting between the cluster source 
and the main chamber absorbed the Ar gas. For that rea- 
son, only well-defined Co clusters and essentially no Ar 
atoms will enter the main chamber. The Pb atoms were 
thermally evaporated and deposited together with the Co 
clusters. Since it is well-known that island formation will 
prevent good quality Pb films if deposited at room tem- 
perature, the substrate was cooled down to ~40 K during 
deposition which is low enough to get homogeneous Pb 
films, but, on the other hand, is high enough to prevent 
deposition of Ar atoms [p(Ar) at 40 K ~ 10 -3 mbar] 
which have not been absorbed by the He-cryopump and, 
therefore, enter the main chamber together with the Co 
clusters. The angle between the matrix and the cluster 
beam is 45°. Due to the different beam directions samples 
with different Co volume fraction could be made within 
one deposition process. The deposition rates were con- 
trolled by three quartz balances in order to monitor the 
rates at different positions of the substrate. The sample 
for microstructure study was deposited onto a carbon foil 
mounted in a Transmission Electron Microscope (TEM)- 
catcher. 

After transport measurements on the as-prepared sam- 
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pies they were annealed at 300 K for one hour in order 
to decrease the lattice defects, formed in the samples due 
to the low-temperature deposition. The transport mea- 
surements have been repeated on the annealed samples 
in order to see the influence of lattice defects. The typi- 
cal dimensions of the sample for transport and magnetic 
measurements were 10 mm x 3 mm x 100 nm. Trans- 
port properties in both zero and non-zero magnetic field 
were investigated in-situ with a split-coil superconduct- 
ing magnet ( B < 1.2 T). The detailed description of the 
experimental set-up and the advantage of the method 
can be found in the literature^. The magnetic measure- 
ments were performed with a Quantum Design MPMS- 
XL SQUID. The sample has been taken from the main 
chamber of the cluster source after finishing the trans- 
port measurements and immediately installed into the 
SQUID system in order to avoid oxidation. The external 
magnetic field is parallel to the surface of the sample in 
both the in-situ magnetotransport and ex-situ magnetic 
measurements. In this work we studied three samples 
with different Co cluster volume fraction: sample 1 with 
2.7 vol%, sample 2 with 3.1 vol% and sample 3 with 3.7 
vol%. 



III. RESULTS AND DISCUSSION 




T(K) 

FIG. 1: Magnetization as a function of temperature for the 
sample with about 3.7vol% Co. A 50 Oe external magnetic 
field was applied for both zero-field cooling and field cooling 
measurements. 

The size of the Co nanoparticles was studied with a 
TEM and the picture can be found elsewhere^. The Co 
nanoparticles arc very homogeneous in size and shape 
with a mean diameter of ~ 4.5 nm. The superparam- 
agnetic blocking temperature T& of the Co clusters has 
been determined in the usual way, namely, by measuring 
the magnetization of the sample in a warming-up process 
after cooling the sample down in either zero-field (zero- 
field cooling, ZFC) or in a magnetic field (field cooling, 
FC). A mean value of T& ~ 25 K (corresponding to the 
peak temperature in the ZFC curves) is obtained from 
the experimental data shown in Fig. [TJ Measurement 
of the magnetization as a function of external magnetic 



field at 8 K, i. e. far below T&, reveal the Co clusters to 
be in a ferromagnetic stated. 
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FIG. 2: Resistivity as a function of temperature in different 
external magnetic fields for the as-prepared samples with (a) 
2.7vol% Co (b) 3.1vol% Co and (c) 3.7vol% Co. 

The resistivity measurements of all three as-prepared 
samples in zero field and for different external magnetic 
fields are shown in Fig. 2. One can see a quite sharp 
superconducting transition at T c with a slight decrease 
of T c with increasing Co volume fraction v and a large 
shift of T c caused by the external magnetic field. Here we 
do not show the as-prepared pure Pb sample because the 
difference of T c between the as-prepared and annealed 
pure Pb film (sec below) is very small (about 0.1 K). 

Annealing the samples at 300 K has a drastic effect on 
the normal state resistivity (pn) and the superconduct- 
ing transition [see Fig. 3 (a)-(d)]. pn drops by a factor 
of ~ 5. The reason for the large change in p^ is the fol- 
lowing: as-prepared samples, deposited at ~ 40 K, will 
contain a large number of lattice defects, i.e. the Pb ma- 
trix will be in a highly disordered state. The electron 
mean free path, estimated from p^ within the free elec- 
tron model, is ~ 0.6 nm, indicating that the Pb matrix 
may be even close to an amorphous state. Annealing at 
300 K strongly reduces the number of lattice defects and 
increases the mean free path I by a factor of ~ 5, i.e. 
to I ~ 3 nm. The superconducting transition is shifted 
towards lower temperatures and the transition now oc- 
curs in two steps, i.e. the sharp transition seen in the 
as-prepared samples now has an ohmic region starting ~ 
1 K below the main transition occurring at T c and fi- 
nally drops to zero resistivity ~ 0.5 K lower. It should 
be mentioned that such a two step transition is not seen 
in the annealed pure Pb film [see Fig. 3 (a)]. The origin 
of the second transition has been discussed in detail in 
one of our previous papers^. It has been interpreted as a 
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FIG. 3: Resistivity as a function of temperature for differ- 
ent samples annealed at 300 K in different external magnetic 
fields, (a) pure lead, (b) with 2.7vol% Co, (c) with 3.1vol% 
Co and (d) with 3.7vol% Co. 



second-order phase transition in the spontaneous vortex 
phase from a vortex solid to a vortex liquid state. We will 
not focus on this point in the present paper but rather 
concentrate on the superconducting transition into the 
normal state occurring at T c . 
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FIG. 4: Critical temperatures, T c , as a function of Co volume 
fraction with zero external magnetic field. 

We have plotted in Fig. 4 the dependence of T c from 
the Co volume fraction v for the three samples and the 
reference point (pure Pb) . An additional T c -point result- 
ing from magnetic measurements on a sample containing 
~ 1 vol% Co clusters has been added (see triangle in 
Fig. 4). The T c -data are consistent with a linear de- 
pendence of T c with v. The straight lines drawn in Fig. 



4 have a slope of dT c /dv = - 0.43 K/vol% Co for the 
as-prepared sample and dT c /dv = - 0.85 K/vol% Co for 
the sample annealed at 300 K. The critical concentra- 
tion for the disappearance of superconductivity is ~17 
vol% for the as-prepared samples and ~ 8 vol% for the 
annealed samples. Both values are far below the value 
one would expect for non-magnetic particles. In Pb/Cu 
granular systems, for example, a critical volume fraction 
of ~ 70 vol% Cu has been found^. The T c -reduction for 
granular SC systems with non-magnetic particles is due 
the proximity effect only, in the case of magnetic par- 
ticles, however, an additional much stronger reduction 
occurs due to the formation of the above mentioned spon- 
taneous vortices. The radius of these vortices is given by 
the superconducting coherence length £. For disordered 
superconductors, having a small electron mean free path 
I, the coherence length is given within the dirty limit to 



be £ tx Z 1 / 2 or oc 



Pn 



-1/2 



The change in ppj going from 



the as-prepared to the annealed samples is 5.3 ± 0.5 for 
all three samples. For that reason £ should increase by a 
factor of 2.3 ±0.1. The observed change of dT c /dv go- 
ing from the as- prepared to the annealed samples is ~ 2, 
i.e. our finding is that dT c /dv scales with the coherence 
length or with the diameter of the spontaneous vortices. 




FIG. 5: The on-set T c as a function of external magnetic field 
for the as-prepared and annealed samples with different Co 
vol%. 

Next we will discuss the T c -reduction due to the ap- 
plied external magnetic field. We have plotted in Fig. 
5 the critical magnetic field B C 2 as a function of T for 
all three samples in the as-prepared as well as in the an- 
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nealed state as obtained from Fig. 2 and 3. All B(T) 
curves show a curvature near T c (B=0) which is not ex- 
pected for a dirty superconductor. According to the work 
by Werthamer, Helfand and Hohenberg (so-called WHH- 
theory)i£ there should be a linear dependence of B C 2 (T) 
with T near T c with a slope given by 

(dB c2 /dT) T=Tc = {~Aek B /n)N{E F ) PN (1) 

where N(E^) is the density of states near the Fermi 
energy. We have drawn straight lines through the data 
points in Fig. 5 neglecting those for small external fields 
for obtaining (dB C 2/dT)-values for all samples in the 
as-prepared as well as in the annealed state. The ratio 
[(dB c2 /dT) as _p re p Qrec; / (dB c2 /dT) a „„ ea / e(i ] for all three 
samples is 4.2 ± 0.4 . If we compare this with the ratio 

(PN)as~prepared/{PN)annealed = 5.3 ± 0.5 (see above), 

we see that the change of (dB c2 /dT) due to annealing 
is somewhat smaller than that in pjv, but essentially in 
agreement with WHH-theory. Now we have to discuss 
why for small external magnetic fields the measured T c - 
valucs are smaller than expected from the extrapolated 
straight lines in Fig. 5. Without external magnetic field 
the spontaneous vortices will form some kind of random 
network due to the random orientation of the Co particle 
magnetic moments. Applying an external magnetic 
field above T c will align the magnetic moments [see 
hysteresis in Fig. 1 (b)] and, therefore, will also align 
the spontaneous vortices. For external fields of the order 
of 0.2 T the alignment of the magnetic moments will 
be almost saturated and with external fields above this 
value the deviations of the measured data points from 
the extrapolated straight lines essentially disappear. 
The interpretation of our T c -data for small external 
magnetic fields, therefore, is as follows: at small external 
magnetic fields the spontaneous vortex state develops 
from a random network to an aligned vortex state which 
somehow compensates the decrease of T c due to the 
external magnetic field; when all magnetic moments of 



the Co particles arc aligned, the spontaneous vortex 
state is aligned and when the external magnetic field 
is further increased, B C (T) will follow the WHH-curve, 
i.e. will show a linear increase of B C (T) with decreasing 
T. The difference in T c between the measured T c (B=0) 
values, i.e. the values for a random network of sponta- 
neous vortices, and the extrapolated values for aligned 
spontaneous vortices is much larger for the annealed 
samples than for the as-prepared samples (sec Fig. 5), i.e. 
this difference is increasing with increasing coherence 
length or vortex diameter. 



IV. CONCLUSION 

We have shown that the effect of both Co volume frac- 
tion as well of external magnetic field strongly depends if 
the samples are studied in the as-prepared (at low tem- 
perature) or in the annealed state. The reason for this is 
that the annealing strongly changes the electron mean 
free path and, as a consequence, the superconducting 
coherence length, which determines the diameter of the 
spontaneous vortices created by the magnetic moments 
of the Co particles. The reduction of T c due to Co parti- 
cles is much larger than that observed for non-magnetic 
particles in superconducting films, indicating that the in- 
fluence of these spontaneous vortices on T c is much larger 
than the proximity effect. The T c -reduction due to these 
spontaneous vortices seems to scale with the supercon- 
ducting coherence length or diameter of these vortices. 
It would be interesting to sec if theoretical calculations 
regarding the random network of spontaneous vortices 
could confirm our experimental result. 
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